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Abstract
SmO thin film is a new Kondo system showing a resistivity upturn around 10 K and was theoretically
proposed to have a topologically nontrivial band structure. We have performed hard x-ray and soft x-
ray photoemission spectroscopy to elucidate the electronic structure of SmO. From the Sm 3d core-level
spectra, we have estimated the valence of Sm to be ∼2.96, proving that the Sm has a mixed valence. The
valence-band photoemission spectra exhibit a clear Fermi edge originating from the Sm 5d-derived band.
The present finding is consistent with the theory suggesting a possible topological state in SmO and show
that rare-earth monoxides or their heterostructures can be a new playground for the interplay of strong
electron correlation and spin-orbit coupling.
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I. INTRODUCTION
Rare-earth materials have been studied extensively for decades owing to their unique physical
properties such as valence fluctuation [1], Kondo insulating state [2], heavy-fermion behavior [3],
and superconductivity [4]. Recently, a possible topological Kondo insulating state, where both
strong spin-orbit coupling and electron-electron correlation play a role, has been proposed and
attracted considerable attention [5–7]. Although the subjects of such studies were mostly limited
to bulk crystals and their surfaces, the development of thin-film growth techniques has made it
possible to grow single-crystalline samples even if the bulk crystal does not exist or is unstable.
Rare-earth monoxides (RO) (R: rare-earth element) are such examples, and they were successfully
grown in a thin-film form by pulsed laser deposition (PLD) [8–12], although RO quickly oxidizes
in air to form R2O3. While R2O3 compounds are insulators with the localized f electrons of the
R3+ ion, RO compounds have diverse and intriguing physical properties. YO seems to be a Mott
insulator with the 4d1 electronic configuration [8]. LaO exhibits superconductivity [10]. SmO [9]
shows dense Kondo effects. NdO is an itinerant ferromagnet [12].
Sm compounds are particularly interesting because some of them may have topologically non-
trivial band structures, as suggested in refs [13–17]. SmS shows a first-order phase transition at
the pressure of 6.5 kbar from the black phase (b-SmS), where Sm valence is 2+, to the golden
phase (g-SmS), where Sm has a mixed valence of 2.6∼2.8+ [18]. In the mixed-valence state, SmS
is proposed to have a topologically nontrivial band structure [17]. This valence-state transition
happens because the lattice-constant decrease lowers the bottom of the 5d conduction band and
the 4f 65d0 configuration, referred to as Sm2+, starts to be mixed with the 4f 55d1 configuration,
referred to as Sm3+. Such a volume-reduction induced mixed-valence phase would also appear
if the anion size shrinks from S to O. In fact, the SmO lattice constant of ∼5.0 A˚ [9] is smaller
than the g-SmS and b-SmS lattice constants of ∼5.6 A˚ and ∼5.9 A˚ [19]. SmO was found to be
metallic with resistivity upturn around 10 K followed by a decrease at even lower temperatures [9]
being similar to the case of g-SmS [16, 20]. SmO was also predicted to have a topological band
structure [14]. Such a scenario is illustrated schematically in Fig. 1(a). As for the valence of Sm,
which characterizes the electronic structure of 4f electrons in SmO, Uchida et al. [9] estimated it
to be 2.9+ by surface-sensitive soft x-ray (Al Kα) photoemission spectroscopy (SXPES). During
the measurement, they etched the surface of SmO thin film by Ar-ion sputtering to overcome the
surface sensitivity of SXPES. However, Ar-ion sputtering often degrades the surface and alters the
chemical composition [21].
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FIG. 1. (a) Schematic energy band structure of SmS and SmO. Reduction in the Sm-S or -O bond length
leads to a mixed-valence state possibly with topologically nontrivial band structures. (b) Structure of
thin-film samples. (c) Crystal structure of SmO thin films grown on YAlO3 substrate.
In the present study, to assess the valence of Sm and the electronic structure of SmO in a non-
destructive way, we have performed hard x-ray photoemission spectroscopy (HAXPES) in addition
to SXPES. HAXPES has a probing depth of 7-20 nm, about five times larger than that of SXPES
[22]. Such an extended probing depth enabled us to study the bulk electronic structure through the
capping layer without damaging samples. By decomposing the Sm 3d HAXPES spectra into the
Sm3+ and Sm2+ components, we have estimated the valence of Sm to be ∼2.96. We have observed
a clear Fermi edge originating from the Sm 5d band, consistent with the metallic conduction of
the SmO thin films.
II. EXPERIMENT & CALCULATION
SmO (001) epitaxial thin films were grown on YAlO3 (110) substrates by PLD using a KrF
excimer laser (λ = 248 nm) with the energy output of 1.0 J/cm2. Prior to growth, YAlO3 substrates
were annealed in a furnace at 1200C for 4 hours to obtain an atomically flat surface. A Sm seed layer
was grown at 400C in vacuum (1.0 × 10−8 Torr) at the pulse repetition rate of 1 Hz. Subsequently,
a SmO film was grown on the seed layer in an Ar and O2 mixed gas (Ar : O = 99 : 1, 5.0 × 10
−8
Torr in total) at the pulse repetition rate of 10 Hz. In order to protect the film from oxidation, an
AlOx capping layer was grown in− situ at room temperature. The sample structure was AlOx (2
or 3 nm)/SmO (20 nm)/YAlO3(110) substrate (Fig. 1(b)), and the thickness of the capping layer
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FIG. 2. Sm 3d core-level photoemission spectra of SmO/YAlO3 (blue solid curve) taken with hard x rays
of hν = 8 keV and soft x rays of 1.3 keV. Shirley backgrounds have been subtracted. The spectrum of
Sm2O3 [27] is shown for reference. The result of atomic multiplet calculation is also shown by a dashed
curve.
was 3 nm for the HAXPES and 2 nm for the SXPES measurements. The crystal structure of SmO
was identified to be the pseudo-cubic rock-salt type with the lattice parameters of a = 4.96 A˚ and
c = 5.02 A˚ by x-ray diffraction (Fig. 1(c)).
HAXPES measurements were performed at the beamline BL09XU of SPring-8. The used photon
energy was 8 keV, and the energy resolution was about 270 meV. The measurement temperature
was 300 K. SXPES measurements were performed at the beamline BL-2A of Photon Factory. The
photon energy was varied between 1 keV to 1.3 keV to cover the Sm M4,5 absorption edge. The
typical energy resolution was about 250 meV. The measurement temperature was 11 K.
In order to simulate the experimental spectra, we have performed atomic multiplet calculations
using a XTLS 8.5 code [23]. The ionic Hartree-Fock (HF) values [24] were used for the Slater
integral, while the spin-orbit-interaction values were taken from refs. [25] [26]. The calculated
spectra were convolved with a Gaussian function with the full-width at half maxima (FWHM) of
0.27 eV to account for the energy resolution and also with a Lorentzian function with the FWHM of
1.2 eV to account for the core-hole lifetime broadening. We have also employed a Mahan function
with the cut-off energy ξ of 2 eV and the asymmetry parameter α of 0.7. These sets of parameters
gave a reasonable agreement between the experiment and calculation, as will be shown below.
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FIG. 3. (a) Sm 3d5/2 core-level photoemission spectra of SmO/YAlO3 (blue curve). The fitting results
using multiple Gaussian functions are shown by gray curves. Each Gaussian function is shown by dashed
curves, and the total Sm3+ and Sm2+ components are shown by yellow and green solid curves with shaded
areas, respectively. (b) Magnified plot around the Sm2+ regions.
III. RESULTS AND DISCUSSION
Figure 2 shows the Sm 3d core-level photoemission spectra of SmO thin films with Shirley-
type backgrounds subtracted. The HAXPES spectrum of SmO/YAlO3 is indicated by a blue solid
curve, while the SXPES spectrum is shown by a green dotted curve. The spectral line shapes of the
HAXPES and SXPES spectra are notably different from each other, accentuating the importance
of the bulk sensitivity of HAXPES. The SXPES spectrum looks similar to that of Sm2O3 [27],
probably because SmO oxidized near the surface. Note that SXPES is very surface sensitive for
deep core levels like Sm 3d as the kinetic energies of photoelectrons become small. The HAXPES
spectrum for Sm 3d5/2 consists of significant Sm
3+ signals around 1082 eV and a little Sm2+
shoulder around 1074 eV, demonstrating that Sm is in a mixed-valence state. The line shape of
the HAXPES spectrum of SmO is similar to that of g-SmS [28] and Sm metal [29], although there
is a small difference in the Sm3+ and Sm2+ intensity ratios. The Sm3+ component of the HAXPES
spectrum is reproduced by the atomic multiplet calculation reasonably well, as shown by a blue
dashed curve in Fig. 2. The agreement between theory and experiment and the fact that the
HAXPES spectrum of SmO is markedly different from that of Sm2O3 indicate that the obtained
HAXPES spectrum is intrinsic and reflects the electronic structure of SmO.
The Sm 3d5/2 HAXPES spectrum is replotted in Fig. 3(a) for the estimation of the valence of
Sm. Since the atomic multiplet calculation did not perfectly match the experimental spectrum,
we used multiple Gaussian functions to fit the spectral line shape and to decompose the spectrum
into the Sm3+ and Sm2+ components. Four Gaussian functions, which are shown by yellow dashed
curves, were used to fit the Sm3+ component and two Gaussian functions, shown by green dashed
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curves, were used to fit the the Sm2+ component. The summations of the Gaussian functions for
each of the Sm3+ and Sm2+ components are indicated by yellow and green solid curves with shaded
areas, respectively, and the entire fitting curve is shown by a gray solid curve, which is overlaid on
the experimental spectrum (a blue solid curve). Such a fitting well reproduced the experimental
spectrum not only in the Sm3+ region but also in the Sm2+ region, as can be seen in Fig. 3(b),
where the Sm2+ shoulder is shown in detail. The fitting yielded the Sm valence of 2.96± 0.02.
Figure 4(a) shows the valence-band photoemission spectra of SmO/YAlO3 taken with hard x
rays of 8 keV and soft x rays of 1070 eV and 1079 eV. All the spectra have been normalized to
their maxima. Since the signals from the capping layer, shown by a gray curve at the bottom,
are featureless, especially near EF, the valence-band spectra obtained in the present study reflect
the electronic structure of SmO. Here, 1070 eV is slightly below the Sm M5 absorption edge (off
resonance), and 1079 eV is the energy exactly at the SmM5 absorption peak (on resonance). These
photon energies are indicated by bars on the Sm M5 x-ray absorption (XAS) spectrum shown in
Fig. 4(c). There was a 120-fold photoemission intensity enhancement on the resonant condition.
The off-resonance spectrum looks qualitatively similar to the HAXPES spectrum. However, the
on-resonance spectrum, which highlights the Sm 4f contributions, looks different. The discrepancy
between the HAXPES and the on-resonance spectra shows that the HAXPES spectrum having
peaks at -2.2 eV, -3.7 eV, and -5.9 eV predominantly consist of the oxygen 2p band strongly
hybridized with Sm 5d orbitals. Such a dominance of the O 2p band in the HAXPES valence-band
spectra rather than rare-earth 4f peaks was also observed in Nd-containing oxides [30–32]. The
peak positions of the on-resonance spectra are reproduced by atomic multiplet calculation with
the same parameters used for the core-level calculation, as shown by a black curve in Fig. 4(a).
Figure 4(b) shows a magnified view of the spectra near the Fermi level. A clear Fermi edge is
observed, which most likely originates from the Sm 5d bands as Sm atoms have the predominant
Sm3+ 4f 55d1 configuration.
The present result that Sm has a mixed valence of 2.96+ having Sm 5d bands crossing the Fermi
level is consistent with the theory predicting a possible topological Kondo semi-metallic state in
SmO [14]. This new platform, namely epitaxial SmO thin film and its heterostructures with other
RO compounds, would offer a variety of possibilities such as the strain-control of valence states
and topological properties, quantum anomalous Hall effect if in contact with ferromagnetic EuO
[14], and Majorana zero mode if in contact with superconducting LaO [33, 34].
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FIG. 4. (a) Valence-band photoemission spectra of SmO thin films. Soft x-rays around the Sm M5
absorption edge were also used to enhance the 4f contributions to the spectra. The atomic multiplet
calculation for Sm3+ 4f is also shown. A sample with a thick AlOx capping layer was also measured
and shown at the bottom. (b) Magnified plot around EF. (c) Sm M5 x-ray absorption spectrum of
SmO/YAlO3.
IV. SUMMARY
We have studied the electronic structure of the new Kondo system SmO thin films employing
hard x-ray and soft x-ray photoemission spectroscopy. By decomposing the Sm 3d core-level
spectra into the Sm3+ and Sm2+ components, we have estimated the valence of Sm to be ∼2.96,
proving that Sm indeed has a mixed valence. The valence-band photoemission spectra show that
the Sm 5d bands cross the Fermi level, consistent with the metallic conduction of the SmO thin
films. The present findings are also compatible with the theory suggesting a possible topological
state in SmO and show that the epitaxial SmO thin films and the heterostructures with other
rare-earth monoxides can be a new playground for the interplay of strong electron correlation and
spin-orbit coupling.
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